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Abstract 
A generalized finite element (FE) model of the spindle machine based totally on 
Timoshenko’s beam idea is hired to discretize the meeting with joint interfaces idealized with 
the aid of contact spring models and the model is confirmed with experimental modal 
analysis at the spindle-tool system. The effects of five important variables namely tool 
overhang, bearing span,tool diameter, contact stiffness,and axial preload are simultaneously 
studied on the dynamic response of the spindle-tool unit.Using method ofdesign of 
experiments(DOE),the dynamic stiffness data along with fundemental natural frequencies are 
recorded for different combinations of design variables. Initially after studying the 
parametric effects using analysis of variance(ANOVA). 
 
Keywords: Frequency response; Spindle design; Milling stability; DOE; Optimization 
module. 
 
INTRODUCTION 
Machining spindles are important rotor 
dynamic structures requiring vast attention 
at some point of the design. so as to 
choose the factors that keep away from 
chatter and to attain the better floor end, 
correct dynamic fashions of tool-holder-
spindle assembly are required. this type of 
dynamics pondered at tool tip can be 
received with the aid of modal trying out, 
but includes a big range of tool-holder 
preparations in a manufacturing facility. 
The measurements are time taking and at 
times, tricky as in the case of micro-end 
mills. Few research are said in view of 
analytical and experimental works related 
to modelling of the spindle.Nelson [1-2] 
used the Timoshenko beam theory to 
establish shape functions and formulate 
system matrices, including the effects of 
rotary inertia, gyroscopic moments, shear 
deformation, and axial load. Jorgensen and 
Shin [3] used DeMul's bearing model and 
the Timoshenko beam to develop a model 
for a spindle supported by a pair of angular 
contact bearings, including cutting-load 
effects. The cutting load is divided into 
static and dynamic components. The 
dynamic loads are assumed to provide 
system excitation due to the dynamic 
motion of the cutting tool. Bossmanns et 
al. [4] and Lin et al. [5] proposed an 
integrated thermo-mechanical dynamic 
model for a motorized machine-tool 
spindle, using an empirical formula to 
calculate the stiffness of bearings. 
However, some constants need to be 
identified in order to use this model. Li [6] 
and Shin, [7] provided a coupled spindle-
bearing model that consists of thermal 
outcomes to predict the bearing stiffness 
and herbal frequencies of the spindle 
system, using DeMul's bearing version. 
The bearing configuration, however, is 
limited to several instances and the 
gyroscopic effect isn't blanketed. only the 
herbal frequencies are compared in those 
papers, not the FRF, that is most crucial in 
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predicting the dynamic performance of the 
spindle at some stage in cutting. Suzuki et 
al. [8] provided a new method of 
determining the transfer feature(TF) 
through utilize inverse research of the self-
excited vibrations calculated during an end 
mill. in their technique a TF could be 
identiﬁed to lessen mistakes among 
numerical analysis and trial outcomes. 
Gagnol et al. [9] mentioned the spindle’s 
modal modifications the usage of a ﬁnite 
element version of the high-velocity 
spindle-bearing machine, considering the 
rotor dynamic consequences. The reliance 
of these fashions have been then tested and 
determined with precision. Rantatalo et al. 
[10] proposed a technique to research the 
lateral vibrations in a milling device 
spindle with the aid of along with ﬁnite-
detail modeling magnetic excitation and 
inductive displacement measurements of 
the spindle reaction. Cao et al. [11-12] up 
to date the FE model to assist the industrial 
engineers in reaching a dependable model 
that could correctly represent the dynamic 
traits of device-device spindle systems. 
Tanga and track [13] designed a brand new 
technique which critiques the results of 
more than one-mode features of an 
application, at excessive excitation 
frequencies and wider stages of spindle 
speed. those studies are employed to reap 
the stableness limits to increase the 
improved metallic elimination rate without 
chatter. Gagnola and Bouzgarrou [14] 
formulated a enormously effective layout 
of excessive-pace spindle-bearing model 
and it's far analyzed with the fundamental 
applications of rotor dynamics and its 
layout is remodified with the assist of 
experimentation.It is identified that lobe 
diagrams were altered as of the non-
rotational frequency response function 
(FRF) predictions due to changes in 
dynamic stiffness. Lin and Tu [15] 
designed a flowchart to signify all the 
general spindle design problems. 
Sensitivity analysis is carried out for the 
major eight design factors with the help of 
finite element analysis to examine their 
control on the frequencies of the system.  
 
Very few works, has been reported in the 
area of optimal design of spindles to 
improve the dynamic stiffness using the 
meta-heuristic approaches. In this work, a 
general method has been developed for 
systematically modelling the spindle-tool 
unit.Both centrifugal force and gyroscopic 
effectsare included in modelling the whole 
system and further they are systematically 
coupled. Parametric studies are conducted 
with different combinations design 
variables and are further optimized with 
Genetic algorithm. Final optimized spindle 
design data in terms of design variables are 
reported in comparison with the initial 
data. 
 
Modeling of Spindle-Tool Assembly 
The finite element modeling is one of the 
most effective approaches for reasonably 
provide the relationship between the 
displacements and forces at a finite 
number of discrete points (called nodes) of 
a continuous structure. The following 
equation of the beam in matrix forms can 
be obtained by using the finite element 
method for the whole spindle-tool system 
is written as: 
     FqMKqGCqM c  }{][][}{][][}]{[ 2 (1) 
where [M],[C] and [K] are the assembled 
mass, viscous damping and stiffness 
matrices,   is speed of rotation, while [G] 
represents the gyroscopic matrix, [Mc] 
represents the centrifugal mass matrix, {F} 
is the force vector including the cutter 
forces and {q} represents the vector of 
nodal displacements.The viscous damping 
or Rayleigh damping matrix is considered 
as a linear combination of the mass and 
stiffness matricesas      KMC  
where α and β are the real scalar values. 
The coefficients of Rayleigh’s damping  
and  are obtained as 17.32 and 3.67e-6 
respectively for 1% damping ratio. The 
stiffness behavior of angular contact 
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bearings relies on the applied loads and the 
bearing layout. The static radial stiffness 
of the bearingsis given by the Eqn (8). The 
parameters of the bearings are taken 
as:Db=9mm,Fa =1500N,  
=25degrees,andNb =20. 
Kxx= Kyy=1.7723610
7 (Nb
2
.Db)
1/3
3/1
3/1
2
sin
cos
aF

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N/m
  
(2)        
The assembled stiffness, mass and 
gyroscopic matrices are formulated with 
consideration of above stiffness at the 
bearing nodes [16]. The FRF consisting of 
real and imaginary parts can be expressed 
directly as follows: 
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(3)              
Here, Imand Re are correspondingly the 
imaginary and real parts of the frequency 
responses.  
 
In the presentanalysis,eightelements are 
considered,and each node has two 
translations and two rotational degrees of 
freedom. The spindle is supported between 
two bearings at the front and rear 
positions. The connection between the 
tapered surfaces is modeledby springs in 
the x and y directions to prevent the holder 
from rotating and translating inside the 
spindletaper. The spindle-holder is 
modeled with three springs whereas 
holder-tool interfaces are modeled with 
two springs in both the bending directions. 
The spindle-holder taper portion is 
modeled by two elements with three nodes 
as shown in the Fig. 1. 
 
 
Fig. 1. Equivalent model of spindle-tool device 
 
Results and Discussions 
Finite element modeling of spindle tool 
unit 
Todemonstrate the method, substances and 
geometric properties of the character 
components are selected from the manual 
of vertical CNC endmilling gadget 
(MTAB-MAXMILL). The finite detail 
model data of the spindle is illustrated in 
desk 1. except the element-1 (tool location 
with high-pace metallic-HSS), all factors 
have material residences of metal.
 
Table 1 Parameters of the finite element model 
 Elements of the spindle tool unit  
Parameters #1 #2 #3 #4 #5 #6 #7 #8 
 
Length 
(mm) 
30 30 85 51 60 45 45 47 
 
Outer 
diameter 
(mm) 
12 12 40 75 75 75 75 75 
Inner 
diameter 
(mm) 
0 0 0 40 0 0 0 0 
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E (Pa) 2.8e11 2.1e11 2.1e11 2.1e11 2.1e11 2.1e11 2.1e11 2.1e11 
Density(Kg/
m
3
) 
7972 7850 7850 7850 7850 7850 7850 7850 
 
The tool is assumed to be rigidly 
connected to the tool holderandthe conical 
tapered connections are used as the 
interfacebetween the spindle and the tool 
holder. The spindle shaft is axially 
supported between the angular contact ball 
bearings. A computer program is 
developed in MATLAB to analyze the 
spindle system. Fig 2 represents absolute 
part of tool tip FRF. It is observed from 
the simulations that the first dominant 
mode frequency as 2056 Hz.
 
 
(a) Absolute FRF                                          (b) Real and Imaginary FRF 
Fig. 2. Tool tip frequency responses using the Full-order FEM 
 
Optimal design of spindle-tool unit  
In order to reduce the numbers of 
experiments and maintain the resolution of 
the results, a three-level factorial design 
with five factors is implemented. Table 2 
shows the process parameters and their 
levels for the experiments. Taguchi 
L27(3**5) orthogonal array is used for the 
experimental design in order to predict the 
influence of controlled factors such as 
bearing span (BS), tool overhang length 
(TO), contact stiffness (N/m), tool 
diameter (dt) and axial preload(Fa) on the 
natural frequencies and dynamic stiffness 
of the spindle-tool unit.
 
Table 2 Detailed simulated experimental data using Taguchi L27 (3**5) array. 
Expt 
No 
Tool 
overhang(TO) 
in mm 
Bearing 
span(BS) 
in mm 
Tool 
diameter 
(mm) 
Contact 
stiffness 
(N/m) 
Axial 
preload 
(N) 
Natural 
frequency 
(Hz)  
Dynamic 
stiffness 
(N/m) 
1 55 120 8 1.5×10
5
 1000 827 2170 
2 55 120 8 1.5×10
5
 1500 805 2070 
3 55 120 8 1.5×10
5
 2000 799 2060 
4 55 180 10 1.5×10
6
 1000 1292 5500 
5 55 180 10 1.5×10
6
 1500 1285 5400 
6 55 180 10 1.5×10
6
 2000 1274 5200 
7 55 240 12 1.5×10
7
 1000 2386 111480 
8 55 240 12 1.5×10
7
 1500 2374 110910 
9 55 240 12 1.5×10
7
 2000 2369 110630 
10 65 120 10 1.5×10
7
 1000 2286 343600 
11 65 120 10 1.5×10
7
 1500 2149 321800 
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12 65 120 10 1.5×10
7
 2000 2121 320100 
13 65 180 12 1.5×10
5
 1000 920 7930 
14 65 180 12 1.5×10
5
 1500 914 7810 
15 65 180 12 1.5×10
5
 2000 901 7340 
16 65 240 8 1.5×10
6
 1000 1265 1690 
17 65 240 8 1.5×10
6
 1500 1242 1340 
18 65 240 8 1.5×10
6
 2000 1231 1290 
19 75 120 12 1.5×10
6
 1000 1038 23090 
20 75 120 12 1.5×10
6
 1500 1021 22460 
21 75 120 12 1.5×10
6
 2000 1011 21630 
22 75 180 8 1.5×10
7
 1000 2379 808400 
23 75 180 8 1.5×10
7
 1500 2269 794100 
24 75 180 8 1.5×10
7
 2000 2232 769500 
25 75 240 10 1.5×10
5
 1000 663 2850 
26 75 240 10 1.5×10
5
 1500 641 2690 
27 75 240 10 1.5×10
5
 2000 629 2540 
 
The data was statistically analyzed by 
Analysis of variance (ANOVA) to check 
the capability of the parameters. Table 3 
shows the ANOVA outputs for the 
dynamic stiffness. It is observed that, all 
the input factors are statistically significant 
on response parameter as the P value is 
less than 0.05. Compared to other factors, 
contact stiffness is the most dominant 
process parameter. The contact stiffness is 
having more influence on the dynamic 
stiffness, as its F value is very high and the 
corresponding percentage of contribution 
is high. 
 
Table 3 Analysis of Variance for dynamic stiffness (N/m) 
Factors DOF Sum of 
squares 
Mean 
square 
F-value  P-value Percentage of 
contribution 
Tool 
overhang(TO)in mm 
2 528.72 264.36 1911.12 0.000 5.439 
Bearing span(BS) in 
mm 
2 810.50 405.25 2929.64 0.000 8.337 
Tool diameter(mm) 2 170.36 85.18 615.79 0.000 1.752 
Contact 
stiffness(N/m) 
2 8206.42 4103.21 29662.80 0.000 84.421 
Axial preload(N) 2 2.51 1.25 9.06 0.002 0.025 
Residual error 16 2.21 0.14   0.022 
Total 26 9720.73     
 
The adequacy of the model has also been 
investigated by the examination of 
residuals. Fig 3(a) revealedthat the 
residuals generally fall on a straight line 
implying that the errors are 
distributednormallyandthe regression 
model is well fitted with the observed 
values. Also Fig. 3(b) revealed that they 
have no obvious pattern and unusual 
structure.It indicates that the maximum 
variation of -2 to 4, whichshows the high 
correlation that exists between fitted 
values and observed values. 
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(a) Normal probability plot                                                    (b) Residual plot 
Fig. 3. Data normality testing for dynamic stiffness 
 
The combination of bearing span (BS), 
tool overhang (TO), contact stiffness 
(N/m), tool diameter (mm) and initial 
preload (N) are applied to get the tool-tip 
frequency response. The S/N rate helps to 
recognize the best possible stage of 
process parameters. The grouping of 
parameters with the with the biggest S/N 
rate is definitely the best possible setting 
of process parameters. The formula for 
determining S/N percentages for “larger is 
better” is given as








 









n
i iyn
NS
1
2
11
log10)/( ,  where, yi= 
trial value in the i
th
 test, yo=objective value 
and n= number of reproductions.It is also 
observed from the main effects plot for 
S/N ratios as seen from Fig. 4the 
optimized parameters could be taken as 
TO as 75mm, BS as 180mm,tool diameter 
as 12mm, contact stiffness as 1.5×10
7
 N/m 
and axial preload as 1000N. 
 
 
Fig. 4. Signal to noise ratios plots for the control factors on dynamic stiffness 
 
It is also observed from Table 4 the delta 
values and ranks are given for the control 
factors. Contact stiffness is the most 
dominant process parameter followed by 
the bearing span influences the dynamic 
stiffness of the spindle-tool system.
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Table 4 Response table for signal to noise ratio (Larger is better) 
level Tool overhang(TO) in 
mm 
Bearing 
span(BS) in mm 
Tool diameter 
(mm) 
Contact 
stiffness(N/m) 
 
Initial 
preload (N) 
1  80.65 87.92 82.50 70.92 85.58 
2 83.72 90.09 84.50 74.90 85.11 
3 91.18 77.54 88.54 109.73 84.85 
Delta 10.54 12.55 6.04 38.81 0.74 
Rank 3 2 4 1 5 
 
Based on the above studies, it observed 
that the dynamic stiffness of the system is 
greatly influenced by these spindle-tool 
parameters.  
 
CONCLUSIONS 
This paper aimed at maximizing the 
dynamic stiffnessof the spindle-tool 
system.The system was analyzed with 
finite element model and the tool tip FRF’s 
are obtained. Parametric studies were 
conducted for different cases of bearing 
span, tool overhang, tool rotational speed, 
tool diameter, and initial preload for the 
spindle system and their influence on the 
system dynamics has been considered. The 
computer programs developed in this work 
facilitate in adding more number of 
geometric parameters of the spindle-tool 
system to improve the dynamic rigidity of 
the spindle. 
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